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GLOSSARY OF SYMBOLS AND ACRONYMS 
(x, y, z) Cartesian coordinate system with an origin at the centre of the entry face of a flat-to-
round converter 
(T,I, l)  Spherical coordinates 
 
Roman Symbols and Acronyms 
a Aspect ratio of a sheet [m] 
a Axial particle number (the number of particles intercepted by a straight line drawn 
through a TRIMM-doped system parallel to the optic axis) [m-1] 
A Cross sectional area of the optical system [m2] 
A Absorbance of an optical system 
A Area of a source [m2] 
A  Mean absorption fraction of light entering an LSC 
dA An infinitesimal area [m2] 
dA Vector associated with an infinitesimal area, dA [m2] 
A(O) Absorption spectrum  
Aeff Effective collection area of an LSC [m2] 
Aextractor Area of the exit face of a hybrid LSC-LED light extractor [m2] 
ALED  Area of individual LED chips in hybrid LSC-LED light extractor [m2] 
B Fraction of total lumens from hybrid LSC-LED light extractor provide by the LED’s 
BRDF Bidirectional Reflectance Distribution Function [sr-1] 
co(z) Transverse curvature of the outer surface of a flat-to-round converter at distance z 
from the entry face [m-1] 
C Contrast ratio between specular and diffuse light 
C’o(z) Position of the centre of the transverse curvature of the outer surface of a flat-to-
round converter which has been adjusted so that the intersection of the outer 
surface with the y-z plane is a straight line [m] 
Ci(z) Position of the centre of the transverse curvature of the inner surface of a flat-to-
round converter at distance z from the entry face [m] 
Co(z) Position of the centre of the transverse curvature of the outer surface of a flat-to-
round converter at distance z from the entry face [m] 
d Diameter of an inflated tube [m] 
D(į) Divergence of a TRIMM microsphere i.e. the ratio of the intensity of light scattered 
by a TRIMM particle at angle į to the illuminating beam with the intensity of 
light scattered in the same direction as the illuminating beam 
DABCO  1,4-diazabicyclo-[2.2.2] octane, a useful antioxidant 
EC(O)  Measured spectrometer signal from the end surface of a clear sheet [counts] 
ED(O) Measured spectrometer signal from the end surface of a dyed sheet [counts] 
Ee Total power emitted by dye molecules [W] 
EPO European Patent Office 
Ex(O)  Spectral intensity at the side of an LSC at lateral distance x [counts.sec-1] 
f Matrix loss factor (the fraction of the light lost in the clear reference sheet due to 
matrix extinction and Fresnel reflection at the far end). 
f(į) Probability density distribution of the ray’s angular deviation [rad-1] 
 
xii
fcone Fraction of fluorescently emitted light in each escape cone 
fdiffuse Fraction of light in a hybrid LSC-LED light extractor that is diffuse rather than 
specular 
fedge Fractional loss of light in a flat-to-round converter due to scattering from rounded 
sidewall edges 
fend Fraction of fluorescently emitted light that is endlight (includes the correction for 
reflection at  a LSC sheet’s end mirror) 
fescape Fraction of fluorescently emitted light in combined escape cones 
fgeom Fraction of rays striking a TRIMM microsphere that are within the geometric limit  
i.e. the fraction of rays that are well approximated by geometric optics 
fscat Fractional loss of light in a flat-to-round converter due to scattering off rough 
sidewalls 
ftrapped Fraction of fluorescent emission that reaches the a LSC’s exit surface in the form of 
F Output luminous flux from an LSC [lm] 
F Output luminous flux from an LSC [lm] 
Fall The ratio of the total amount of light reaching a LSC’s exit surface (i.e. the sum of 
endlight and trapped light) to the endlight 
Fin Flux of a collimated light beam illuminating an annulus on a TRIMM 
microsphere [W] 
Fl  Luminous flux at the collection edge when LSC is illuminated at a plane of constant 
distance, l, from the collection edge [lm] 
FL Luminous flux at collection edge when LSC of length L is illuminated 
uniformly [lm] 
Fo Luminous flux of the fluorescent test lamp [lm] 
FSL Fluorosolar Systems Ltd 
gmax Maximum possible étendue per unit area [sr.m2] 
G Étendue [sr.m2] 
Ggap Étendue of light at an air gap [sr.m2] 
Glimit Smallest value of the limiting étendue in an optical system [sr.m2] 
Gx
max  Maximum possible étendue at cross section x [sr.m2] 
h Impact ratio, h = h/r. h is independent of the microsphere’s radius, r 
hgeom Impact ratio for the geometric limit, i.e. the impact ratio beyond which Mie theory is 
required to calculate the scattering pattern 
H Perpendicular separation distance of a ray impacting on a microsphere from the 
parallel ray passing through a sphere’s centre. [m] 
HDPE High Density Polyethylene 
i(į,l) Intensity of the light scattered by a single TRIMM microsphere measured at distance 
l from the sphere and a deviation angle of į from the illuminating light  
beam [W.m-2] 
I Average number of interactions of light with the sidewalls of a flat-to-round 
converter 
I  The point on the inner sidewall edge of a flat-to-round converter corresponding to 
point P on the outer surface [m] 
I(į)  The intensity light scattered by a TRIMM microparticle at a deviation angle of į to 
the illuminating beam, measured inside the host material [W.m-2] 
Iin Intensity of a collimated light beam illuminating a TRIMM microsphere [W.m-2] 
I0  The intensity light scattered by a TRIMM microparticle in the direction of the 
illuminating beam, measured inside the host material [W.m-2] 
INPADOC International Patent Documentation Center 
 
xiii
Isol  Solar luminous intensity incident on the top surface of the collector [lux] 
k A proportionality constant for the fitted variation of the mean half-cone angular 
spread, 6 ,  with the axial particle number, a  
l Length of a sheet [m] 
l Linear distance between point of illumination and collection edge [m] 
l Path length of a ray inside a light guide [m] 
L  Length of a light guide [m] 
L Length of a clear reference sheet or collector sheet [m] 
L Radiance of a source [W.m-2.sr-1] 
L½ Half-length i.e. the path length over which 50% of the fluorescently emitted light is 
lost due to extinction [m] 
Lcrit Critical length of a TRIMM doped mixer rod i.e. the length where the mean half-
cone angular spread of the light is equal to the material’s critical angle [m]  
Ld½ Half-length contribution from the collector sheet’s dye [m] 
Ldiffuse Diffuse radiance of a skylight or LED-hybrid luminaire interpolated to the angle of 
maximum radiance [W.m-2.sr-1] 
LDPE Low Density Polyethylene 
LED Light Emitting Diode 
Lextractor  Mean radiance from a hybrid LSC-LED light extractor [W.m-2.sr-1] 
Lg½  Half-length contribution from collector sheet’s geometry [m] 
LLED Radiance of the LED’s in a hybrid LSC-LED light extractor [W.m-2.sr-1] 
Llocal  Radiance of the diffuse component of a system’s output measured near the specular 
component [W.m-2.sr-1] 
Lm½  Half-length contribution from collector sheet’s matrix [m] 
Lmax Maximum radiance of the specular component of a system’s output [W.m-2.sr-1] 
Lproj image  Radiance of the a mixer in a LED projector near the specular beam [W.m-2.sr-1] 
Lproj specular  Radiance of the specular beam from a mixer in a LED projector [W.m-2.sr-1] 
LSC Luminescent Solar Collector 
Lspecular Maximum specular radiance of a skylight or LED-hybrid luminaire [W.m-2.sr-1] 
Lv image  Luminance of the image from a LED projector near the specular spot [lm.m-2.sr-1] 
Lv specular  Luminance of the specular spot from a LED [lm.m-2.sr-1] 
m Ratio of the refractive index of a fibre’s core to its cladding 
m Relative refractive index (usually the ratio of the ratio of the particle’s refractive 
index to the matrix containing it) 
n Refractive index 
nhost Refractive index of the host matrix containing a TRIMM microsphere 
ni Refractive index of component i, such as a TRIMM microsphere or a light guide 
matrix 
nparticle Refractive index of a TRIMM microsphere 
npix Number of pixels that specular transmission is focused onto 
N  Number of measurement positions along a the side of a LSC 
NLED  Number of LED chips in hybrid LSC-LED light extractor  
Npix Number of pixels in a display 
p A power index for the fitted variation of the mean half-cone angular spread, 6 ,  with 
the axial particle number, a  
p Pressure of an inflated tube [Pa] 
p(și). Path length inside a LSC for light with an angle of incidence of și [m] 
 
xiv
P A chosen point at the intersection of the outer surface of a flat-to-round converter a 
the sidewall [m] 
P(h) The cumulative probability density distribution at impact ratio h  
Pa(x) Probability of a ray encountering exactly x microparticles in a light guide with an 
axial particle number of a  
PCT Patent Cooperation Treaty  
PMMA Poly methyl methacrylate, colloquially called “acrylic plastic” or Perspex® 
Po(O) Spectral power of light immediately inside the entry surface of the clear reference 
sample [counts.sec-1.nm-1] 
Ps(O) Total spectral power scattered from the top, bottom and sides of a  
sheet [counts.sec-1.nm-1] 
PT(O) Spectral power transmitted by a LSC [counts.sec-1.nm-1] 
Q Heat [J] 
Q1, Q3 Auxiliary points at the intersection of the outer surface of a flat-to-round converter 
with a sidewall, chosen to be on either side of P  [m] 
Q2 Auxiliary point on the outer surface of a flat-to-round converter with the same z 
value as P [m] 
QD Quantum Dot 
r Particle radius (e.g. of a TRIMM microsphere) 
r Reflectivity of an end mirror 
ri Radius of the inner surface of the exit ring of a flat-to-round converter [m] 
ri(z) Radius of transverse curvature of the inner surface of a flat-to-round converter at 
distance z from the entry face [m] 
rn Radius of the neutral surface of the exit ring of a flat-to-round converter [m] 
ro Radius of the outer surface of the exit ring of a flat-to-round converter [m] 
ro(z) Radius of transverse curvature of the outer surface of a flat-to-round converter at 
distance z from the entry face [m] 
rside Nominal radius of the sidewalls’ edges in a flat-to-round converter [m] 
R Fresnel reflectance of a surface 
R Reflectance of an optical system 
R1 Reflectance from a single TRIMM microsphere 
R1  Mean reflectance from a single TRIMM microsphere 
R1 TE Reflectance coefficient from a TRIMM microsphere for light with transverse electric 
polarisation 
R1 TM Reflectance coefficient from a TRIMM microsphere for light with transverse 
magnetic polarisation 
Rc  Reflectivity of one surface of the collector  
Rend Fresnel reflection loss at the far end surface of the LSC 
RI  Refractive Index 
Rparticles Mean total back reflectance from a mixer with a microparticles 
RTE  Reflectance coefficient for light with transverse electric polarisation 
RTM Reflectance coefficient for light with transverse magnetic polarisation 
s Circumferential stress of an inflated tube [N.m-2] 
S  Mean scattered fraction of light entering an LSC 
S  The vector normal to the surface of a flat-to-round converter at point P and having a 
magnitude equal to the sheet thickness, t [m] 
S(O) Scattering spectrum [W.m-2.nm-1] 
 
xv
S(O) Spectral intensity of sunlight of wavelength O [W.m-2.nm-1] 
S(<) Spectral intensity of sunlight of wavelength < [W.m-2.nm-1] 
SCATS Sunlight Collecting And Transmission System 
ST Side-loss of an optical system i.e. the fraction of light that is transported laterally for 
a sufficient distance so that it does not enter the entry port of the detector 
t Thickness of a sheet measured perpendicular to the surface [m] 
t Wall thickness of an inflated tube [m] 
T Transmittance of an optical system 
T  Mean tails transmission for light entering an LSC 
T(O) Transmission spectrum a LSC sheet 
T(z) Distance between the inner and outer surfaces of a flat-to-round converter in the y-z 
plane at distance z from the entry face [m] 
Tdiffuse Hemispheric forward transmittance diffuse transmittance of a skylight or other 
diffuser sheet 
TIR  Total Internal Reflection 
TRIMM  Transparent Refractive Index Matched Microparticle 
Tspecular Specular transmittance; for a TRIMM system the fraction of rays completely 
undeviated scattering  
U Symbol for étendue used by some workers. This thesis uses G [sr.m2] 
UTS University of Technology, Sydney 
w Width of the collector sheet [m] 
wC Width of clear reference sheet [m] 
wD  Width of a dyed LSC [m] 
wdet Width of detector port on integrating sphere [m] 
wi(z) Arc length of the inner surface of a transverse cross section of a flat-to-round 
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DO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Dd(O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applicable)>m@
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șsun Half-width of specular solar radiation [rad] 
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 Inclination of the end surface of a light guide [rad] 
 Misalignment angle between two components [rad] 
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ȍescape Solid angle of the escape cone [sr] 
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LIST OF FIGURES 
CHAPTER 1 INTRODUCTION  
Figure 1.1  (a) A two axis sun tracker that uses a single large Fresnel lens to focus the specular 
component of sunlight onto an optical fibre for remote illumination (Solar Magazine 
2002). (b) A Parans® two-axis sun tracking system that uses multiple small lenses to 
focus sunlight onto individual small optical fibres (Parans 2011). 2 
Figure 1.2  Schematic of a luminescent solar collector capturing sunlight and coupling the light into 
optical fibres that distribute the light throughout a building. 3 
Figure 1.3  Schematic cross section of a luminescent solar collector sheet. 4 
Figure 1.4  The edges of fluorescent sheets are bright because light is collected over the large flat 
surfaces and transported by total internal reflection to the much smaller edges. 4 
Figure 1.5  Schematic of a three colour LSC stack connected to light guides and a luminare. 5 
Figure 1.6  Trapped light is totally internally reflected at all surfaces. 6 
Figure 1.7  Schematic of a generic LSC system. 7 
CHAPTER 2 FUNDAMENTAL CONCEPTS 
Figure 2.1  Measured spectra of dye absorption (- - -) and dye emission (…… ) along with the 
associated measured (–– ) and calculated ( — ) emission spectra for a 1.2 m LSC 
doped with Lumogen® F300 (red). 14 
Figure 2.2  Emission inside a sheet of refractive index n showing TIR and the forward halves of the  
four side loss cones. 15 
Figure 2.3  Definition of étendue in a light guide of cross sectional area A for light with a solid angle 
of ȍ. 16 
Figure 2.4  Effect of a thin section in a light guide. The thickness variation is exaggerated for clarity. 17 
Figure 2.5 (a)  Endlight can pass through an end surface of a light guide, whereas (b) trapped light is 
totally internally reflected at all surfaces. 18 
Figure 2.6  Expanded area light extractor (66) connected by an optical joint (67) to flexible thin 
rectangular light guides (58). 19 
Figure 2.7  (a) A perpendicular end surface reflects almost half of the available light. (b) Extraction 
of trapped light by a luminare with expanded area and diffusely reflecting white 
surfaces. 19 
Figure 2.8  An injection-moulded flat-to-round coupler fed by a green LSC sheet feeding light to a 




Figure 2.9  Transmission tails measured through a 2.00 mm thick LSC sheet doped with 60 ppm 
Lumogen® F083. The solid line represents the measured transmission of the green dye 
(excluding Fresnel reflectance), and the dashed line is the same spectrum, except that 
the transmission in the ‘tails region’ beyond 520 nm has been artificially set to 100% 
as a reference. 23 
Figure 2.10  Tails extinction measurements for a 1200 mm long green LSC (a) before exposure, (b) 
after exposure. A Rayleigh scattering function has been fitted for Ȝ > 600 nm. 24 
CHAPTER 3 ÉTENDUE ANALYSISI OF LSC'S 
Figure 3.1  Definition of étendue in a light guide. 25 
Figure 3.2  A linear optical system that decreased étendue could be combined with a heat engine to 
construct a perpetual motion machine of the second kind (turning heat spontaneously 
into work). 26 
Figure 3.3  Light in various light guides. (a) Étendue increases due to diffusion. (b) Étendue 
increases due to excessively rapid increase in cross sectional area. (c) Étendue 
conserved by an adiabatic expansion area that trades more area for smaller solid angle. 27 
Figure 3.4  Emission inside a sheet of refractive index n showing TIR and the forward halves of the 
upper and lower loss cones. 28 
Figure 3.5 Calculation of the cosine of Tcrit . 29 
Figure 3.6  Light inside a rectangular light guide of refractive index n showing the forward halves of 
the four loss cones. 30 
Figure 3.7  Trapping of meridional light in an optical fibre. 30 
Figure 3.8  Calculation of the étendue of the end of a light guide inclined at angle ø. 33 
Figure 3.9  Claimed schematic of many (impractical) LSC designs. 37 
Figure 3.10  How the system in Figure 3.9 actually works at best (it may well actually have 
substantially lower performance). 38 
Figure 3.11  Key drawings from Bornstein and Friedman’s patent US 4,539,625 with some numbers 
replaced by labels. (a) Overview of their system. (b) Details of the collector stack. 40 
Figure 3.12 Bornstein and Friedman’s design for a luminaire with an inclined end (51) to the light 
guide (50) feeding a Fresnel lens (52B) inside a prismatic light guide (56B) that 
disperses the light. Note the use of spacer sheets (40, 42, 44) between the collector 
sheets (12, 14, 16) that would significantly increase the size of the light guides. 42 
Figure 3.13  Single colour fluorescent collector system of (Zastrow & Wittwer 1986a) using a 
hollow cone of  fluorescent PMMA as light collector, a 5.0 long assembly of  hollow 
tube of PMMA as a light guides and an end mirror to illuminate a kitchen two floors 




Figure 3.14  Schematic of a SCATS (Sunlight Collecting And Transmitting System) with a three-
layer stack of fluorescent sheets optically coupled to thin, flexible light guides and a 
light extractor. A properly designed system emits white light. Using long, narrow 
collector sheets permits the light guides to be narrow enough to give good flexibility to 
the optical conduit – essential for practical installation. 47 
Figure 3.15  The final form of the SCATS LSC system with a three colour fluorescent stack on the 
roof connected by an optical conduit made from thin, flexible PMMA, connected to a 
luminare. 48 
Figure 3.16  Light guide clamp in a SCATS system. 50 
Figure 3.17  Glued “offset T-joints” provide mechanical strength but optical isolation. 50 
Figure 3.18  Coupler and light mixer from that combines the light from a three layer stack of 
fluorescent collector sheets and transfers it to dual light guides. 51 
Figure 3.19  Bent coupler/mixer (50) to mix light from a three-layer collector stack (glued on the left 
to surfaces 50a, 50b and 50c) and to transfer it as white light to twin light guides (glued 
on the right to surfaces 50d and 50e). 52 
Figure 3.20  Perspective and cross sectional views of a set of tubular fluorescent light collectors 
(blue 40, green 41 and red 42) whose output is mixed and coupled by a converter (44) 
to a solid cylindrical light guide (46). The optical joints 43 and 45 are essential for 
good performance. End (47) and bottom (48) reflectors boost performance. 53 
Figure 3.21  A LSC- LED hybrid lighting system. A blue LED (44) powered by a solar cell (48)  
provides enough blue light to colour balance the fluorescent emission from a collector 
sheet stack (43). 54 
Figure 3.22  A hybrid LED-LSC system with the blue LED’s (67) at the luminaire/light extractor 
(66) colour balancing the fluorescent emission from the light guides (64). 55 
Figure 3.23  (a) Assembly of a hybrid light extractor. (b) The hybrid light extractor in operation. 55 
Figure 3.24  Using an integrating sphere (on the right) for the visual colour assessment of the light 
output from a hybrid SCATS system. The collector stack on the left has two small 
solar cell arrays that power blue LED’s in the luminaire. The twin light guides are 
protected by an orange plastic sheath. 56 
Figure 3.25  Façade mounting of two hybrid SCATS collectors to illuminate an interior room. 57 
Figure 3.26  Installation of the hybrid SCATS system. 57 
CHAPTER 4 FLAT-TO-ROUND CONVERTERS FOR OPTICAL FIBRES 
Figure 4.1  Cutting a solid core optical fibre with optical shears such as a Poly CutterTM. The surface 
cut by the highly polished primary face of the chisel-ground blade has a much higher 
quality than that at the inclined secondary face. 61 
Figure 4.2  A fibre coupler/mixer that provides a good optical and mechanical coupling from a 
three-layer collector stack to solid core optical fibres (only one fibre is shown in this 
cross section). 63 
 
xxi
Figure 4.3  (a) Three-layer stack of fluorescent sheets connected via a coupler/mixer to 21 optical 
fibres. (b) The ends of the fibres are bonded to a luminare. (c) Overview of the system. 63 
Figure 4.4  Typical cost curve for solid core optical fibre, normalized to prices for 10 mm diameter 
fibre. 65 
Figure 4.5  Typical cost per unit area of solid core optical fibre, normalized to prices for 10 mm 
fibre.  For small diameters cost ~ 1/d2. For large diameters cost ~ 1/d. The break point 
is at about 5 mm. 67 
Figure 4.6 Exploded view of a “curled-sheet” flat-to-round converter that couples light from a 
rectangular entry section to a cylindrical optical fibre. 70 
Figure 4.7  The geometric cross section (measured normal to the optic axis) and the effective cross 
section (measured at right angles to the local surface) differ by the cosine of the 
inclination, ø. 71 
Figure 4.8  A ring-to-solid circle converter with constant solid cross sectional area. 75 
Figure 4.9  Ray tracing a ring-to-solid circle converter in Zemax® for light with the maximum solid 
angle. 76 
Figure 4.10  Side view of a curled-sheet flat-to-ring converter. Note the distortion of the exit ring. 82 
Figure 4.11  Curled-sheet flat-to-ring coupler attached to a fluorescent sheet. The output is then fed 
into an integrating sphere and compared to that from a similar luminescent sheet 
without a coupler. 83 
Figure 4.12  Transverse cross section of a flat-to-round converter with the inner and outer surfaces 
having a common centre of curvature at C. The mean direction of the light is inclined 
to this cross section by (90 - ). Note that the converter’s thickness in this plane, T, 
has been exaggerated for the sake of clarity. 85 
Figure 4.13  Calculating the sidewall. For a point P on the upper edge of the sidewall, auxiliary 
points Q1, Q2 and Q3 are used to construct a vector S that is perpendicular to the outer 
surface and has a length equal to the sheet thickness, t. The point on the inner edge of 
the sidewall, I, corresponding to P is I = P + S. 87 
Figure 4.14  Ray tracing in Zemax® of a curled-sheet flat-to-ring converter. The source has the 
largest possible range of angles for light to be confined by TIR inside a flat sheet. 
More than 98% of the rays reach the exit ring. 87 
Figure 4.15  The Arrk® prototype glued to a red LSC and fitted with a conical light extractor. The 
glued joints between the upper and lower pieces are visible as a bright line at the exit 
surface. 89 
Figure 4.16  A Solidworks® model of a flat-to-round converter designed to couple a 50 mm x 6 mm 
stack of three LSC sheets to a 20 mm diameter solid core optical fibre. 90 
Figure 4.17 An Arrk® rapid prototype of the design shown in Figure 4.16 glued on the left to a 
green LSC. The glued joints between the upper and lower pieces of the optical model 
are visible as bright lines. The green triangular streak to the bottom left of the 





Figure 4.18  An injection moulded flat-to-round coupler fed by a green LSC sheet. The rectangular 
piece of plastic near the optical fibre is the injection-moulding gate, which is normally 
removed. Also seen at the bottom left hand corner of the photo are the stepped surfaces 
used to make an “offset-T joint” from the LSC sheets to the coupler. 92 
CHAPTER 5 TRIMM DOPED SHEETS AND LIGHT GUIDES 
Figure 5.1  Definition of different parameters when a single ray enters a TRIMM sphere. The final 
deviation angle, į, is greatly magnified compared to that in the materials discussed in 
this chapter. 96 
Figure 5.2  Reflectance from a TRIMM sphere for μ = 0.0114 for various impact ratios. Rays with 
h < 0.71 are back reflected. The geometric limit for 35 μm particles is h = 0.966. 100 
Figure 5.3  (a) Angular deviation of a single ray striking a TRIMM sphere of unit radius. (b) 7he 
probability density distribution of the deviation, f(G) for μ = 0.0114. 101 
Figure 5.4  Geometry for a sphere of radius r illuminated by collimated light. 104 
Figure 5.5  Normalised intensity distribution of light scattered by a TRIMM microsphere with μ = 
0.0114 (solid black line) and a best fit Gaussian distribution with a standard deviation 
of 0.760o (dashed red line). The large angle scattering is also plotted on the right hand 
scale at 10x sensitivity. 105 
Figure 5.6  Normalised intensity distribution of light scattered by a TRIMM microsphere with μ = 
0.0114 (solid black line). Also plotted is a best-fit sum of two Gaussian distributions 
(dashed red line) that have central heights of 0.690 and 0.305 and standard deviations 
0.587o and 1.294o respectively. 105 
Figure 5.7  Schematic of rays traversing a block of clear polymer of thickness L doped with clear 
spheres. A ray is shown that is totally internally reflected. 106 
Figure 5.8  (a) Photograph of a TRIMM doped sheet obliquely illuminated with a narrow HeNe laser 
beam. Both rays that transmit and exit after a single pass and those that make up the 
side-loss component can be seen. (b) Schematic of some different categories of ray 
paths in TRIMM dope systems according to their contribution to measured 
components. The black rectangles under the sheet represent the cross section of the 
spectrometer’s entrance aperture. 107 
Figure 5.9  Side-loss ST spectra from 300 to 1000 nm at 1, 2, 3, and 4-mm thickness of N77 TRIMM 
doped PMMA plotted in curves L1 – L4 respectively. 108 
Figure 5.10  Radiance of a conventional diffuser illuminated with an intense light source. Examples 
include: a skylight illuminated by the sun, a luminaire in a hybrid LSC-LED system, 




Figure 5.11  (a) Assembly of a hybrid light extractor showing the LED’s at the back of the extractor. 
There is a TRIMM diffuser sheet optically bonded to the front surface to reduce the 
glare from the LED’s.  (b) The hybrid light extractor in operation with the LED’s 
viewed through the front TRIMM diffuser. Note the absence of glare from the high 
intensity LED chips. 112 
Figure  5.12  Experimental set-up, showing (from the left): alignment laser, LED array, PMMA 
mixing rod, frosted glass screen and the translational stage with a photometric detector. 118 
Figure  5.13 (a) & (b) Photographed output from a clear 100 mm long PMMA rod observed on a 
screen 100 mm from the end of the rod, viewed from different viewing angles. (c) 
Modelled output. 119 
Figure 5.14  (a) Photographed output from a 88 mm TRIMM doped PMMA rod observed on a 
screen 100 mm from the end of the rod. (b) Modelled output from the TRIMM doped 
rod. (c) Measured CIE coordinates for a 1 mm central strip of (a) and (b). 119 
Figure 5.15  (a) Modelled and (b) measured output from a clear 25.5 mm diameter, 58.9 mm long 
rod viewed 150 mm from the output surface. 120 
Figure 5.16  Output colour distribution transmitted through the frosted glass screen 150 mm from 
the end of the TRIMM sheet. (a) Modelled. (b) Photographed. 121 
Figure 5.17 Stair lights at UTS using TRIMM doped side-scattering optical fibre. 123 
Figure 5.18 Bicycle helmet using LED’s and TRIMM doped side-scattering optical fibre. Note the 
even brightness achieved by using a LED at each end of the fibre. 124 
Figure 5.19  Diagram of a luminare with a side-scattering optical fibre (delivering light from a LSC) 
integrated with an electrically driven fluorescent tube in a common housing. The 
control system senses the light level in the room and can adjust the output of the 
fluorescent tube to keep the light level constant without changing the illumination 
pattern. The side-scattering fibre is transparent to light from the fluorescent tube, 
which makes it easier to integrate the two light sources to give constant illumination 
pattern. 125 
CHAPTER 6 LIGHT EXTRACTION FROM SOLID OPTICAL SYSTEMS 
Figure 6.1  (a) Endlight can pass through an end surface, whereas (b) trapped light is totally 
internally reflected at all surfaces. 128 
Figure 6.2  Distribution of the light emitted by dye molecules in an LSC sheet. The sideloss cones 
(cones 5 and 6) have been omitted for clarity. 129 
Figure 6.3  A hemispherical lens is coupled to the end of a LSC to observe and measure the light 
field inside a LSC. There is a 2.0 mm x 2.0 mm emission window from the LSC at the 
centre of the hemisphere. The LSC and lens form a solid optical system. The black 
cloth that usually covers the LSC and the hemispherical diffuser screen that usually 
covers the lens been removed for the sake of clarity. 132 




Figure 6.5  Left: a Hemispherical diffuser screen that is placed over the hemispherical lens to help 
visualise the light pattern inside a LSC. Right: Projected light distribution inside a 
LSC. The white circle shows the endlight cone. The four sideloss cones are clearly 
visible. Light between the endlight circle and the sideloss cones is trapped light. 133 
Figure 6.6  Measured internal field luminance for a LSC in various scan directions. 134 
Figure 6.7  Light extractors. (a) A simple increase in area does not work. (b) A smooth increase in 
area can give good light extraction. 135 
Figure 6.8  Expanded area light extractor (66) with a cylindrically curved exit face. 136 
Figure 6.9  System used to measure the gain in output from a treated end (46) of a LSC (42) 
illuminated with a lamp (41). Light output is measured with an integrating sphere (43). 
From (Franklin 2001a). 137 
Figure 6.10  A TRIMM based light extractor at the end of a light guide stack. 138 
Figure 6.11  (a) A perpendicular end surface reflects almost half of the available light. (b) Extraction 
of trapped light by a luminare with expanded area and diffusely reflecting white 
surfaces. 139 
Figure 6.12  A wedge-type light extractor. Light moving down the extractor strikes the surfaces at 
increasing angles until it is no longer confined by total internal reflection. 139 
Figure 6.13  A conical light extractor for an optical fibre. 140 
Figure 6.14  “Scimitar” light extractors made by Arrk® (left) with the observed output for the green 
LSC illuminating a white screen (right). 141 
Figure 6.15  Hollow cone light extractor. 141 
CHAPTER 7 LIGHT TRANSPORT IN LSC SHEETS 
Figure 7.1  Absorption and emission spectra of the green fluorescent dye Lumogen® F083 at 60 ppm. 144 
Figure 7.2  Luminescent Solar Concentrator of length L, illuminated by source S(O), produces end 
emission H(O,L) at collection edge. 146 
Figure 7.3  Measured spectra of dye absorption (- - -) and dye emission (…… ) along with the 
associated measured (–– ) and calculated ( — ) emission spectra for a 1.2 m LSC for: 
(a) Lumogen® F300 (red), (b) Lumogen® F083 (green), and (c) Lumogen® F570 
(violet). The measured spectra are normalized and the calculated spectra are fitted by 
eye. 151 
Figure 7.4  Experimental set-up for measurement of the half-length of an LSC. 153 
Figure 7.5  Luminous output as a function of length for a 1.2 m green LSC doped with 60 ppm 
Lumogen® F083. Here a perfect non-scattering matrix is compared with a standard 
matrix (Lm½ = 5 m). 157 
 
xxv
Figure 7.6  Transmission tails measured through a 2.00 mm thick LSC sheet doped with 60 ppm 
Lumogen® F083. The solid line represents the measured transmission of the green dye 
(excluding Fresnel reflectance), and the dashed line is the same spectrum, except that 
the transmission in the ‘tails region’ beyond 520 nm has been artificially set to 100% 
as a reference. 160 
Figure 7.7  Theoretical half-length for a 1.2 m green LSC as a function of Lumogen® F083 dye 
concentration, for standard (Lm½ = 5 m) and perfect (non-scattering) matrices with and 
without tails attenuation. 161 
Figure 7.8  Theoretical luminous output as a function of dye concentration for a 1.2 m green LSC for 
standard (Lm½ = 5 m) and perfect (non-scattering) matrices with and without tails 
attenuation. 162 
Figure 7.9  Theoretical luminous output vs. collector length for a green LSC doped with Lumogen® 
F083 fluorescent dye at concentrations of 30 ppm, 60 ppm and 100 ppm in (a) a 
standard matrix of half-length Lm½ = 5 m, and (b) a perfect non-scattering matrix. 164 
Figure 7.10  Theoretical lumens-to-lumens efficiency vs. collector length for a green LSC doped 
with Lumogen® F083 fluorescent dye at concentrations of 30 ppm, 60 ppm and 100 
ppm in (a) a standard matrix of half-length Lm½ = 5 m, and (b) a perfect non-scattering 
matrix. 165 
CHAPTER 8 MAKING LSC SHEETS 
Figure 8.1  Set-up for laser testing using a polarized laser beam. The observer is located so that the 
scattering angle is a right angle and the laser is polarized perpendicular to the line of 
sight. By rotating the polarizing analyser the observer can estimate the degree of 
polarisation in the scattered light. Scattering from nanoscale particles is 100% 
polarised. Scattering from micron-sized is almost unpolarised. 174 
CHAPTER 9 EXTINCTION MECHANISMS IN LSC’S 
Figure 9.1  Experimental set-up for transmission measurements. 184 
Figure 9.2  Side view of the experimental set-up for scattering measurements. 186 
Figure 9.3  Tails extinction measurements for a 1.2 m long green LSC (a) before exposure, (b) after 
6 days outdoor exposure. A Rayleigh scattering function has been fitted for Ȝ > 
600 nm. 189 
Figure 9.4  Relative performance of green LSC after outdoor exposure for dye absorption, output 
luminous flux, mean tails transmission and half-length. 192 
 
xxvi
CHAPTER 10 PHOTODEGRADATION OF FLUORESCENT SHEETS 
Figure 10.1  Experimental setup for tails transmission measurements. 197 
Figure 10.2  LSC dye absorption before and after outdoor exposure underneath a UV cover sheet, 
for three Lumogen® dyes in PMMA: (a) violet F570, (b) green F083, and (c) pink 
F285. Attenuation spectra are shown on a logarithmic scale for 2.0 mm thick samples 
before exposure (solid black line) and after exposure periods of 10 days (dark blue 
line) and 71 days (light blue line). For reference, the relative emission spectra for each 
dye are shown as a dotted line. 200 
Figure 10.3  Tails transmission of PMMA LSC’s containing Lumogen® dyes over a path length of 
300 mm, before and after outdoor illumination under a UV cover sheet: (a) violet 
F570, (b) green F083, (c) pink F285, and (d) clear reference. (Note the 20-fold change 
of vertical scale for (d)). Transmission spectra were measured before exposure (solid 
black line), after 4 days (dark blue), 10 days (blue) and 71 days exposure (light blue). 
Relative dye emission spectra are shown for reference as a dotted line. 202 
Figure 10.4  Luminous output degradation of PMMA LSC's after exposure under a UV cover sheet. 
Three different dyes were used: Lumogen® violet F570 (blue diamonds); Lumogen® 
green F083 (green squares); Lumogen® pink F285 (red circles); and a three layer LSC 
stack consisting of violet above green, above pink (black triangles). 203 
Figure 10.5   Photodegradation curves for (a) dye absorption and (b) tails transmission, for two 
batches of LSC’s. Batch 1 (dotted lines, open shapes) contains no antioxidant while 
batch 2 (solid lines, closed shapes) contains 0.2 mM DABCO antioxidant. Three 
different Lumogen® dyes were used in PMMA:  violet F570 (diamonds), green F083 
(squares), pink F285 (circles). 205 
Figure 10.6  Degradation rates of various LSC performance parameters: (a) dye absorption, and (b) 
tails transmission. PMMA LSC’s containing three different Lumogen® dyes: F570 
violet (diamonds), F083 green (squares), and F285 pink (circles) were exposed 
underneath one UV cover (open shapes) or two UV covers (solid shapes). 206 
Figure 10.7  Photodegradation rates of (a) dye absorption and (b) tails transmission for PMMA 
LSC's containing Lumogen® dyes violet F570 (diamonds), green F083 (squares) and 
pink F285 (circles), as a function of relative concentration of a UV stabiliser. High UV 
peak attenuation relates to high concentration of the UV additive. Samples were 
exposed to sunlight under a UV cover sheet, and degradation rates were calculated 
from linear fits to the photodegradation curves between 5 days and 30 days exposure. 
Linear fits to the data are shown as solid lines to highlight any trends. 208 
APPENDIX 1: MASS PRODUCTION OF HIGH PERFORMANCE LSC SHEETS 
Figure 1.1  C.R. Clarke 1550® diamond polishing machine. Photo from (C. R. Clarke 1550 2011). 226 
APPENDIX 2: CITING AND ACCESSING PATENTS 
Figure 2.1  Patent family for US 5,548,490 generated with Patent Lens® 228 
 
xxvii
LIST OF TABLES 
CHAPTER 3 ÉTENDUE ANALYSIS OF LSC’S 
Table 3-1  Maximum solid angles for forward propagating light in various geometries. 31 
Table 3-2  Limiting étendue per unit area in various generic LSC components. 36 
Table 3-3  Limiting étendue per unit area of components is a Bornstein and Friedman LSC 42 
Table 3-4  Limiting étendue per unit area of various components in the Zastrow and Witter system.  
Note that the area of all components is just the light-carrying portion of the cross 
section. 45 
CHAPTER 5 TRIMM DOPED SHEETS AND LIGHT GUIDES 
Table 5-1  Optical properties of various TRIMM based diffuser systems with specified specular 
contrast ratios. 114 
Table 5-2  Optical properties of various TRIMM based diffuser systems that have specular  contrast 
ratios of 0.10%. 115 
CHAPTER 6 LIGHT EXTRACTION FROM SOLID OPTICAL SYSTEMS 
Table 6-1  Light fractions for a non-absorbing, non- scattering PMMA LSC  that has a refractive 
index of 1.49 and a mirror reflectivity of 90%. 130 
Table 6-2  Comparison of Different Types of Light Extractor 142 
CHAPTER 7 LIGHT TRANSPORT IN LSC SHEETS 
Table 7-1  Theoretical and experimental LSC half-length, L½ (in metres), for a green LSC doped 
with 60 ppm Lumogen® F083. The sheet dimensions are 1200 x 135 x 2.0 mm. Results 
are shown for both a standard matrix (Lm½ = 5 m) and a simulated perfect 
non-scattering matrix (Lm½ ? ?using J values derived from the curves in Figure 7.5. 158 
CHAPTER 8 MAKING LSC SHEETS 
Table 8-1  Key parameters for the various manufacturing methods for making PMMA sheet. 180 
CHAPTER 9 EXTINCTION MECHANISMS IN LSC’S 
Table 9-1  Mean transmission and extinction components in the wavelength range 600 nm – 750 nm 
for a green LSC containing Lumogen® F083 fluorescent dye, before and after outdoor 
exposure. 190 
CHAPTER 10 PHOTODEGRADATION OF FLUORESCENT SHEETS 
Table 10-1  Fluorescence peak wavelengths and tails absorption regions for the dyes used in this 
study 195 
Table 10-2   Relative tails transmission (compared to initial values) of 1.2 m long LSC samples after 





The difficulty of directing daylight deep into the heart of buildings means that much artificial 
lighting is required during the day, which substantially increases energy costs for lighting and 
air conditioning. This thesis explores the feasibility of daylighting with luminescent solar 
collectors. 
An LSC is a stack of thin sheets of polymer doped with fluorescent dyes. Sunlight 
entering the sheets is absorbed and emitted isotropically at longer wavelengths. 75% of this 
emission is trapped by total internal reflection and propagates towards the sheets’ edges. A 
special coupler channels some of this light into a flexible optical fibre that guides it to a remote 
luminaire. High quality white light with zero excess heat is produced by appropriate dye use. 
LSC’s collect both diffuse and specular sunlight, so their luminous output is only weakly 
affected by light clouds. 
The best previous LSC’s for daylighting gave an outdoor-to-indoor lumens-to-lumens 
efficiency of only 0.2%. This project achieved an efficiency of 5%. 
The basic tool for optical design was étendue analysis. Key results are: i) the system’s 
cross sectional area must not decrease along the optical path, ii) the collector sheets need a high 
aspect ratio, and iii) an often neglected requirement for a solid optical system with no air gaps. 
Other optical design problems solved include high-efficiency flat-collector-sheet to 
cylindrical-optical-fibre couplers and high-efficiency light extractors (which boost output by 
approximately 50%). 
Major advances in mechanical design resulted in several new practical solutions 
including: strong, enduring optical joints; mass produced collector-sheet to optical-fibre 
couplers using injection moulding with demonstrated efficiencies of 96%; affordable flexible 
light guides; high-performance cover materials; roof and façade mounting; and reduced mass. 
Required system performance is impossible without high quality LSC sheets. Maximising 
fluorescence yield involves detailed understanding of the roles of: dye quantum efficiency, 
Stokes shift, long wavelength absorption “tails”, dye dispersion, light transport inside a sheet 
and long term sheet stability. A substantial improvement in the performance of collector sheets 
was achieved. 
Solutions to all the key problems for daylighting with practical LSC systems have been 
demonstrated using outdoor mounted collectors channeling light to indoor spaces, with one key 
exception: the increase in absorption tails over the long term. Techniques were developed for 
measuring this weak tails absorption, which significantly reduces light output from the required 
long collector sheets. Suggestions are made as to its cause, and possible methods of its 
reduction.  
